INTRODUCTION
============

Although the rich electrical and optical properties of graphene make it promising for utilization in various applications as a key material, one of the primary industrial requirements is a cost-efficient and scalable technique to gain precise control over the doping levels without reducing the carrier mobility and stability of graphene ([@R1]--[@R3]), which has not yet been established ([@R3], [@R4]). The existing routes to achieve controllability of graphene doping levels mainly entail external gates and adsorbed chemical dopants ([@R5]--[@R7]), both of which share the drawbacks of lacking environmental stability and industrial scalability. By directly introducing foreign atoms into the graphene lattice, the chemical vapor deposition (CVD) approach can facilitate the large-scale production of graphene films with high doping uniformity and stability ([@R2], [@R8]--[@R10]). However, such an approach is currently severely limited by the greatly reduced carrier mobilities caused by the introduction of a large number of charge scattering centers ([@R11]). Therefore, the conductivity of doped graphene is much lower than what it was expected ([@R2], [@R8]), severely hindering the commercial applications of graphene, such as the transparent conductive film ([@R3], [@R12], [@R13]).

Charge scattering by dopants is sensitive to the bonding configuration of the heteroatoms (e.g., graphitic N, pyridinic N, and pyrrolic N in nitrogen-doped graphene). Among all the possible nitrogen-doping configurations, the graphitic N doping could result in n-doping effect and preserve the high carrier mobility due to minor distortion of the graphene lattice ([@R11], [@R14]). Unfortunately, precise control over the atomic configuration and spatial arrangement of N-dopants in graphene is still a big challenge. Besides bond configuration, the spatial arrangement of the dopants also affects the scattering greatly. It has been theoretically predicted that the clusterization of the charged impurities in graphene would notably suppress their contribution to resistivity ([@R15]), which is also applicable in other two-dimensional (2D) materials ([@R16]). Another important but less notable feature responsible for the low carrier mobility is the presence of a high density of grain boundaries that scatter the carriers in the doped polycrystalline graphene films ([@R17]). All these, in turn, present a higher demand of synthetic controllability in graphene-doping methodologies.

Here, in sharp contrast to the common nitrogen-doped graphene samples in which mixed pyridinic nitrogen and graphitic nitrogen coexist ([Fig. 1A](#F1){ref-type="fig"}) ([@R2]), we successfully synthesized in-plane graphitic nitrogen cluster--doped graphene (Nc-G) with millimeter-sized single crystalline domains, relying on an oxygen-assisted CVD growth strategy to eliminate the pyridinic N and to suppress the nucleation density and using acetonitrile (ACN) as both nitrogen and carbon sources (fig. S1). It was found that each doping center in the Nc-G contains three to six or even more graphitic nitrogen dopants in a triangular in-plane shape ([Fig. 1B](#F1){ref-type="fig"}). Because of the unique spatial arrangement of dopants, a remarkable high carrier mobility of 13,000 cm^2^ V^−1^ s^−1^, a greatly reduced sheet resistance, and new quantum phenomena were obtained in the Nc-G single crystals.

![Nc-G with millimeter-sized domains and record-breaking carrier mobility.\
(**A** and **B**) Schematics of the atomic structure of nitrogen-doped graphene, containing a mix of pyridinic N and graphitic N (A) and clusters with pure graphitic N (Nc-G) (B). (**C** and **D**) X-ray photoelectron spectroscopy (XPS) spectra of a nitrogen-doped graphene film grown by ACN, without (C) and with (D) the presence of surface oxygen during growth. The dopant concentration is calculated to be 1.4%. The peak around 399 eV is assigned to pyridinic nitrogen, and the peak at 401 eV is assigned to graphitic nitrogen. The area ratio of pyridinic nitrogen to the entire nitrogen is calculated to obtain the ratio of pyridinic nitrogen. Note that a hump (\>402 eV) might be caused by physically absorbed NO and NO~2~ or pyrolysis by-product of ACN. a.u., arbitrary units. (**E**) Typical plots of the resistance of intrinsic graphene (orange), graphene containing both pyridinic N and single-substitutional N (Np,s-G; blue), single-substitutional N (Ns-G; green) at room temperature (RT), Nc-G at room temperature (light purple), and 1.9 K (red) as a function of the gate voltage (*V*~g~). Inset: False-colored scanning electron microscopy (SEM) image of the measured standard Hall bar device. (**F**) Calculated transmission coefficients of intrinsic graphene (orange), Ns-G (green), and Nc-G (red). The nitrogen concentration in graphene lattice is set to be 1.0% in Nc-G and Ns-G. (**G**) Calculated carrier concentration and Fermi level position of Nc-G (top) and Ns-G (bottom). (**H**) Optical microscopy image of millimeter-sized Nc-G single crystals transferred onto a SiO~2~/Si substrate. The square domain shape of the Nc-G grains is mainly determined by the underlying oxygen-induced Cu(100) substrate, which would define the symmetry of graphene grains due to the carbon-metal interaction during the nucleation and epitaxial growth stage.](aaw8337-F1){#F1}

RESULTS
=======

Through the suppression of continuous nucleation during growth (figs. S2 and S3) ([@R18], [@R19]), an oxygen-assisted CVD strategy was designed to enable the growth of monolayer millimeter-sized Nc-G single crystals ([Fig. 1H](#F1){ref-type="fig"}), as confirmed by extensive transmission electron microscopy (TEM) and selected-area electron diffraction patterns (fig. S4). A conventional CVD growth process without the introduction of oxygen normally produces a nitrogen-doped graphene film containing observable pyridinic N along with substitutional N ([Fig. 1C](#F1){ref-type="fig"}). However, our present strategy with oxygen assistance produces graphene film dominated by substitutional N ([Fig. 1D](#F1){ref-type="fig"}), with a nitrogen concentration of 1.4% and with fine doping uniformity (fig. S5). These observations revealed that the presence of oxygen in the CVD process is responsible for the elimination/prevention of pyridinic nitrogen to achieve the substitutional doping. This can be understood by the selective etching of pyridinic nitrogen by forming N═O bonds and the subsequent removal of NO to yield a hexagonal lattice structure in graphene ([@R20]). The ^13^C isotope--labeling method and Raman spectroscopy revealed a rapid growth rate of 160 μm min^−1^ (fig. S6) ([@R21]).

Compared to graphene containing both pyridinic N and single-substitutional N (Np,s-G) or only single-substitutional N (Ns-G) ([@R2], [@R8], [@R22]--[@R28]), the graphene film obtained in our work (Nc-G) exhibited a prominent enhancement of carrier mobility of \~8600 cm^2^ V^−1^ s^−1^ at room temperature and 13,000 cm^2^ V^−1^ s^−1^ at 1.9 K (using nonlinear fitting method) ([Fig. 1E](#F1){ref-type="fig"}). We also observed a stronger n-doping effect in Nc-G than that in Ns-G and Np,s-G, as evident by a larger shift of Dirac point position in transfer curves relative to intrinsic counterpart. According to the equation σ \~ *n*μ*e*, compared to the intrinsic counterpart (table S1), the enhanced carrier mobility and the stronger n-doping effect contribute to a greatly improved conductivity in Nc-G (detailed comparisons are listed in [Table 1](#T1){ref-type="table"}). Note that our synthesis method makes the conductivity of Nc-G improved, nearly 10 times in comparison with previously reported CVD-derived doped graphene (fig. S7) ([@R2], [@R8], [@R13]). Although several postgrowth doping approaches were also reported to enhance the conductivity of graphene, including molecule adsorption ([@R6], [@R29], [@R30]), metal doping ([@R5], [@R31]), and covalent modification ([@R32]), all of them still suffer from either poor stability or greatly reduced carrier mobility (table S2).

###### Measured conductivity, carrier mobility, and Dirac point position values of graphene.

RT, room temperature.

  **Doping configuration**                 **Carrier mobility (cm^2^ V^−1^ s^−1^)**   **Dirac point position (V)**   **Conductivity (S m^−1^)**
  ---------------------------------------- ------------------------------------------ ------------------------------ ----------------------------
  Substitutional N+ pyridinic N            1900 (RT)                                  −11                            9.30 × 10^5^
  Single-substitutional N                  2500 (RT)                                  −16                            1.96 × 10^6^
  **Clustering substitutional N (1.4%)**   **8600 (RT); 13,000 (1.9 K)**              **−28**                        **1.62 × 10^7^**
  Clustering substitutional N (1.0%)       9900 (RT)                                  −17                            8.41 × 10^6^
  Clustering substitutional N (0.6%)       11,000 (RT)                                −8                             6.10 × 10^6^
  Intrinsic graphene                       11,600 (RT)                                \~0                            7.29 × 10^5^

The enhanced carrier mobility and conductivity of Nc-G can be understood by following aspects: (i) Although the randomly distributed nitrogen dopants in Ns-G caused a significant scattering of carriers ([@R11]), such a scattering is significantly suppressed through the clusterization of nitrogen dopants ([@R15]). As shown in [Fig. 1F](#F1){ref-type="fig"}, our theoretical calculations prove that the transmission coefficients of Nc-G are larger than that of Ns-G, demonstrating that the carriers in Nc-G would be subjected to a weaker scattering (higher transmission probability) when they propagate through potential barrier produced by dopants ([@R33]). (ii) A higher carrier concentration is found in Nc-G (5.39 × 10^13^ cm^−2^) than that in Ns-G (1.49 × 10^13^ cm^−2^). ([Fig. 1G](#F1){ref-type="fig"}). Thus, the reduced carrier scattering and the enhanced carrier concentration would contribute to an enhanced conductivity.

We performed atomically resolved scanning tunneling microscopy (STM) imaging and density functional theory (DFT) calculations to explore the atomic structure of nitrogen atoms in the graphene lattice and the electronic structures of the Nc-G. Large-scale STM imaging revealed many bright areas with lateral sizes ranging from 2 to 6 nm, which were attributed to the graphitic nitrogen clusters in the hexagonal lattice ([Fig. 2A](#F2){ref-type="fig"} and fig. S8). This stands in sharp contrast to the broadly observed single-substitutional dopant atoms observed in previous works ([@R34]) and our own results obtained using ammonia gas as the nitrogen source (fig. S9). The unique formation of graphitic nitrogen clusters might be understood by the dissociation products of ACN on the Cu(100) surface. Compared with NH~3~, which can be dissociated into single N atoms only, the decomposition of an ACN molecule on the Cu(100) surface releases one carbon atom and a tightly bonded CN pair (fig. S10). The tightly bonded CN pairs on the Cu(100) surface contribute to the formation of carbon and nitrogen clusters. With respect to fast Fourier transform, we found two sets of hexagon reflexes. The inner hexagon arises from N-dopant--induced intervalley scattering and the outer hexagon corresponds to the graphene lattice ([Fig. 2A](#F2){ref-type="fig"}, inset) ([@R34]). It can be seen that most nitrogen clusters had a threefold symmetry and the graphitic N atoms took up a triangular shape in the lattice. According to DFT calculations, the simulated STM images of 3N and 6N clusters match the experimental observations very well, which further verified the nitrogen cluster configuration ([Fig. 2, B and C](#F2){ref-type="fig"}). On the basis of simulation results, the corresponding arrangement of nitrogen dopants is shown in [Fig. 2D](#F2){ref-type="fig"}. The triangular-shaped nitrogen clusters are shown to have 3, 6, or 9 graphitic N atoms, respectively, separated by one or two neighboring C atoms in one doping center in a triangular shape. In addition, scanning tunneling spectroscopy (STS) observations confirm the n-type doping induced by the nitrogen clusters (fig. S11). Note that because of the relatively low nitrogen concentration and random distribution of nitrogen clusters in graphene lattice, the band structure of graphene is preserved, and only a shift of the Fermi level is observed.

![The formation of nitrogen cluster.\
(**A**) Representative STM image of the clustered nitrogen atoms. The dashed triangles denote clusters with three or six nitrogen atoms. Inset: Corresponding fast Fourier transform of topography (*V*~T~ = −0.002 V and *I*~T~ = 30.78 nA). (**B** and **C**), Simulated STM images of two doping clusters with three nitrogen atoms (B) and one cluster with six nitrogen atoms (C). The yellow and gray balls denote nitrogen and carbon atoms, respectively. (**D**) Schematic of the atomic arrangement of in-plane clustered nitrogen dopants in graphene lattices based on simulation results. The red and gray balls denote nitrogen and carbon atoms, respectively. (**E**) Formation energy comparison between the triangular C-N clusters and pure carbon clusters. (**F**) Illustration of the Nc-G film formation. First, ACN molecules adsorb and decompose on the Cu(100) surface, forming precursors, such as C and N atoms and C-N groups (i). Then, these atoms and groups diffuse on the surface and assemble with each other, forming triangular-shaped C-N clusters (ii), and these clusters lastly incorporate into the lattice of the Nc-G film (iii).](aaw8337-F2){#F2}

The formation mechanism of triangular-shaped nitrogen clusters in the Nc-G films was explored by DFT calculations ([@R35]--[@R37]). The formation of magic C clusters on metal substrates has been studied, and the most stable clusters were found to have a few pentagons ([@R37]). With the inclusion of N atoms, the stable C-N clusters showed quite different features. The theoretical calculations demonstrated that (i) all N atoms prefer the edge sites of a C-N cluster (figs. S12 and S13); (ii) contrary to the pure carbon clusters, C-N clusters with pentagons are less energetically favorable (fig. S14); and (iii) triangular-shaped C-N clusters with all N on the edge and all C in the centers are highly stable (fig. S15). On the basis of these features, we concluded that the most stable small C-N clusters on a Cu(100) surface are zigzag-edged triangles with N atoms at the edges (fig. S16). The most stable C-N clusters on the Cu(100) surface and their formation energies are shown in [Fig. 2E](#F2){ref-type="fig"}, from which we can see that the exceptional stability of the N-edged triangular-shaped C-N clusters is confirmed by their very low formation energies in comparison with pure C clusters (2.6 to 3.15 eV versus 8 to 12 eV, respectively).

On the basis of the above theoretical analysis, a mechanism for the Nc-G film growth is shown in [Fig. 2F](#F2){ref-type="fig"}. ACN molecules, with a stronger C≡N triple bond, are first adsorbed on the Cu(100) surface and then decompose into C atoms and C-N dimers; then, these precursors self-assemble into highly stable C-N clusters of various sizes on the Cu(100) surface at the high temperature of graphene growth. The mobility of a C-N cluster on the Cu(100) surface must be very low because its diffusion involves the motion of many atoms and, as a consequence, there will be many C-N clusters randomly distributed on the Cu(100) surface during CVD growth of graphene. Subsequently, with the propagation of the graphene front, the highly stable C-N clusters on the Cu(100) surface are gradually incorporated into the graphitic lattice and form in-plane triangular-shaped nitrogen clusters in the Nc-G film.

To further evaluate the electrical quality, we performed magnetotransport measurements on the Nc-G films transferred onto SiO~2~/Si substrates. At a low temperature (1.9 K), the Nc-G films exhibit Shubnikov--de Haas oscillations of *R~xx~* ([Fig. 3A](#F3){ref-type="fig"}) and well-developed plateaus of *R~xy~* ([Fig. 3B](#F3){ref-type="fig"}), as a strong indicator of high quality of Nc-G. From a technological perspective, the tunability of the work function of graphene critically affects its industrial applications, especially regarding contact issues ([@R3]). In this regard, the growth temperature of N-doped graphene has been reported to influence the dopant concentration through temperature-dependent competition between the formation of C─C and C─N bonds ([@R26]). Here, we show that the tunability of work function of Nc-G films grown at different temperatures (see Materials and Methods) is approximately 300 meV using ultraviolet photoelectron spectroscopy (fig. S17A), which is consistent with our Raman spectroscopy studies, transport measurements, and x-ray photoelectron spectroscopy (XPS) investigations (fig. S17, B to E). The Nc-G exhibited a higher doping efficiency compared to Ns-G, which means that a higher work function tunability can be achieved in Nc-G with the same nitrogen concentration (fig. S17F). The tunability of work function, especially in the n-doping range, is crucial for graphene applications in solar cells and light-emitting diodes ([@R3]).

![Electrical properties of Nc-G film.\
(**A**) Typical plot of the longitudinal resistance (*R~xx~*, red) and Hall resistance (*R~xy~*, blue) a function of the magnetic field measured at a fixed gate voltage (−15 V). (**B**) Plot of the *R~xx~* (red) and *R~xy~* (blue) as a function of the gate voltage measured at 1.9 K and a magnetic field of 4 T. (**C**) Sheet resistance statistics of the Nc-G film. Inset: Representative *I*-*V* curve using a four-probe measurement. (**D**) Sheet resistance versus optical transmission (at 550 nm) for the monolayer, bilayer, and trilayer Nc-G films and a pristine graphene film (i-G) with \~1-mm domain size for contrast. The performances of pristine graphene grown on copper and nickel ([@R38]) and carbon nanotubes ([@R39]) are shown for comparison. Inset: Contrast-enhanced photograph of the wafer-sized, continuous Nc-G film on a 4-inch SiO~2~/Si substrate. (**E**) Changes in the sheet resistance of the as-synthesized Nc-G film, HNO~3~-doped graphene film, and HAuCl~4~-doped graphene film under high-temperature treatment. (**F**) A photograph showing Weiming Lake and Boya Tower at Peking University seen through a touch screen device with a graphene/polyethylene terephthalate electrode. A movie showing the operation of the device is provided in movie S1. (Photo credits: Li Lin, Peking University).](aaw8337-F3){#F3}

The nitrogen cluster doping provides a facile method to tune the work function of graphene and also enhances its conductivity, facilitating its application in optoelectronic devices including transparent electrodes and touch screens. We further experimentally observed the enhanced conductivity in our samples as indicated by a low sheet resistance of only \~130 ohms square^−1^ ([Fig. 3C](#F3){ref-type="fig"}). Furthermore, our Nc-G film exhibited a transmittance of 97.7% at a wavelength of 550 nm according to ultraviolet-visible (UV-vis) transmittance spectroscopy measurements (fig. S18A). Large-scale evaluation of the conductivity of the Nc-G film, using a macroscopic four-probe method, still revealed a remarkably reduced sheet resistance as compared with that of pristine graphene without doping (fig. S18B). All these observations indicate that the as-grown Nc-G films are comparable to other transparent electrodes based on CVD-grown pristine graphene ([@R38]) and carbon nanotubes ([@R39]) ([Fig. 3D](#F3){ref-type="fig"}). Wafer-scale Nc-G films were grown and transferred onto 4-inch SiO~2~/Si wafers ([Fig. 3D](#F3){ref-type="fig"}, inset), indicating the facile scalability of our method.

The large-area CVD-grown Nc-G film contained nitrogen dopant clusters embedded in the graphene lattice through strong covalent bonding, therefore demonstrating a high stability compared to unstable AuCl~3~- and HNO~3~-doped graphene films ([@R5], [@R38]), which both exhibit prominent reductions in conductivity after high-temperature processing ([Fig. 3E](#F3){ref-type="fig"}). Furthermore, we fabricated multilayer graphene films using a layer-by-layer transfer method, leading to a clear improvement in the overall conductivity (fig. S18B). In a multilayer absorbent-doped graphene film, the chemical dopants in the lower layers of graphene are screened by the top layer and thus should display reduced doping effects, in contrast to the nearly constant doping effect observed in each individual layer of our multilayer Nc-G films. In a demonstration of the Nc-G film--based device, we integrated our Nc-G films into touch screen panels, for which the conductivity and transparency of electrodes are highly important, and rigorously tested in these devices ([Fig. 3F](#F3){ref-type="fig"}, fig. S19, and movie S1).

Compared with previous methods, this graphitic nitrogen cluster doping technique has the advantage of producing highly positively charged impurities in graphene, which would also result in rich quantum transport phenomena. An interesting transport feature in the transfer curves of Nc-G samples is that the resistance exhibits well-resolved and pronounced oscillations near the Dirac point region ([Fig. 4A](#F4){ref-type="fig"}, inset). To investigate the oscillatory part of resistance further, we subtract a slowly varying polynomial background resistance. In [Fig. 4A](#F4){ref-type="fig"}, we show the subtracted differential resistance as a function of gate voltage (*V*~g~) for selected magnetic fields measured at 1.9 K, where each trace exhibits a clear oscillation as a function of *V*~g~. The structure of oscillations is more visible when the resistance is plotted as a function of the magnetic field and gate voltage. The positions of the resistance peaks evolve almost linearly with *B*, giving rise to sets of parallel lines in the *B*-*V*~g~ plane ([Fig. 4B](#F4){ref-type="fig"}). In contrast, we observed no resistance oscillations in pristine graphene with zero nitrogen doping, suggesting that the nitrogen cluster doping lies behind the observed resistance oscillations. Recently, theoretical calculations have predicted that highly charged impurities in graphene could lead to the production of a strong Coulomb potential and the formation of quasi-bound states ([@R40]--[@R42]). The strong coupling of these quasi-bound states to the massless carriers also leads to resonance scattering near the cluster-doped N atoms, resulting in a series of oscillatory dependence of the electrical conductivity on the carrier density ([@R40]). Our theoretical calculations confirmed that there exists a higher electrostatic potential near the nitrogen cluster doping center than that found at a single-substitutional doping center ([Fig. 4C](#F4){ref-type="fig"}). Consequently, quasi-bound states appear near the Fermi-level of 6N cluster-- and 3N cluster--doped graphene, as evidenced by a strong enhancement of the density of states ([Fig. 4D](#F4){ref-type="fig"} and fig. S20). In contrast, no obvious quasi-bound state is observed near the Fermi-level of single substitutional doped graphene ([Fig. 4E](#F4){ref-type="fig"}). The emergence of these quasi-bound states, together with the observed oscillating resistance as a function of carrier density, further confirms the presence of nitrogen clusters in graphene lattice. Furthermore, the highly charged impurities in the nitrogen-clustering region ideally produce an atomic-scale circular graphene p-n junction approaching the few-nanometer limit, along with an extraordinarily high work function difference. This may provide an ideal platform for realizing electron optics by enabling the switching and guiding of electrons ([@R43], [@R44]). On the other hand, the existence of clustering nitrogen would strongly break the inversion symmetry of graphene lattice, which can be used for the investigation of the spin and valley states in strong quantum confinement regions.

![Resistance oscillations in Nc-G film.\
(**A**) Δ*R~xx~* of the sample with the 1.4% N atomic concentration as a function of gate voltage taken at several constant magnetic fields and *T* = 1.9 K, obtained by subtracting a smooth background. The curves are shifted vertically for clarity. Inset: Typical transfer curve of nitrogen-doped graphene samples, showing pronounced oscillations near the Dirac point. (**B**) Color scale plot of the *R~xx~* as a function of gate voltage and magnetic field, showing an oscillatory pattern near the Dirac point region. (**C**) The electrostatic potential of 6N cluster--doped graphene (red) and single N atom--doped graphene (blue). Inset: Corresponding schematics of the atomic structure of 6N cluster--doped graphene and single N atom--doped graphene. (**D** and **E**) Energy bandgap, density of states (DOS), and the partial charge distribution of valance band maximum (VBM) and conducting band minimum (CBM) of 6N cluster--doped graphene (D) and single N atom--doped graphene (E).](aaw8337-F4){#F4}

DISCUSSION
==========

Our findings here suggest that the clusterization of dopants in graphene would significantly reduce carrier scattering by dopants, and simultaneously enhance carrier concentration. These should promote further exploration studies of high mobility/conductivity in other 2D materials. As we achieve scalable production of Nc-G films, their high mobility/conductivity and tunable work function, as well as high stability, make Nc-G films a promising material for the realization of novel quantum phenomena, future high-speed chips, and flexible electronics applications, where high mobility/conductivity is highly required. Furthermore, in Nc-G, the positive charges on adjacent carbon atoms in each doping center would be further enhanced, which endow Nc-G with enhanced catalytic ability as nonmetallic catalysis.

MATERIALS AND METHODS
=====================

The growth procedure for Nc-G film
----------------------------------

### Pretreatment

Commercially available Cu foil (\#46365, Alfa Aesar) was electrochemically polished, using a solution of phosphoric acid and ethylene glycol (volume ratio of 3:1) to clean the surface. After polishing, the Cu foil was loaded into a low-pressure CVD system equipped with a 1-inch-diameter quartz tube. The nitrogen-containing carbon source, liquid ACN with a partial vapor pressure of \~1 Pa, was introduced into the system to grow Nc-G. Note that ACN was introduced into the CVD chamber by the evaporation of ACN at low pressure. In addition, a metering valve (SS-SS4, Swagelok) was used to adjust the flow rate of ACN, which was held constant to ensure uniform doping during the growth.

A diagram of the temperature profile adopted was shown in fig. S1. The growth system was first rapidly heated to 1020°C, under H~2~ with a flow rate of 100 cm^3^ min^−1^ (sccm) (60 Pa) as background gas to create a reducing environment. The Cu foil was annealed for an additional hour to reduce surface oxide and increase the Cu grain size. After the annealing step, the reducing gas was totally shut off so that oxygen with a flow rate of 0.2 sccm (0.5 Pa) could be introduced to suppress nucleation. In more detail, the introduction of oxygen passivates the active sites for graphene nucleation on the Cu foil, which has proved to be efficient for growing centimeter-sized single-crystal graphene.

### First nucleation

After oxygen pretreatment, the temperature was reduced to 900°C (for the case of growing the sample denoted as 900 Nc-G). The first nucleation of Nc-G on Cu foil was initiated by introducing ACN vapor under a H~2~ flow of 100 sccm (61 Pa). In our case, a partial pressure of \~1 Pa of ACN was held during the growth to precisely control the doping level. However, the nucleation density was rather high, although oxygen pretreatment had been carried out. The as-synthesized NG grains exhibited a broad distribution of domain sizes, indicating that the grains were not formed at the same time. It was found that 5 min of injecting ACN was sufficient to produce Nc-G nucleation with a maximum domain size of 100 μm.

### Oxygen-assisted etching

After the first nucleation of Nc-G, the ACN and the reducing gas were completely shut off, and oxygen with a flow rate of 0.2 sccm (0.5 Pa) was subsequently introduced to initiate etching of the Nc-G nuclei that had been formed. The duration of the etching process was no more than 2 min, determined by the maximum domain size of the as-formed grains.

### Regrowth

ACN and hydrogen were subsequently reintroduced into the CVD system to restart the growth of Nc-G, using with same flow rates to ensure an unchanged doping level for the regrowth step. After around 10-min growth, Nc-G grains with millimeter domain sizes were synthesized. Note that around 1 hour of growth was certainly sufficient to achieve full coverage of Nc-G on the Cu foil. After the growth, the ACN and reducing hydrogen flows were left unchanged, and the sample was quickly cooled to 700°C over 2 min and then reaching room temperature in 20 min. Note that additional growth-etching-regrowth cycles could be carried out by repeating the nucleation and passivation steps for further suppression of nucleation.

### Graphene transfer

To minimize the presence of transfer-related charge impurities, individual Nc-G domains or continuous films were transferred onto SiO~2~/Si substrates using a polymethyl methacrylate (PMMA)--assisted "dry" method; these samples were used for Raman spectroscopy characterizations and electrical device fabrication. The graphene was grown on both sides of the Cu foils, and one side of the graphene, to be used for characterization, was spin-coated with PMMA and baked at 150°C for 5 min. The other side of the sample was then exposed to O~2~ plasma for 3 min to remove the graphene, followed by application of 1 M Na~2~S~2~O~8~ solution to etch the Cu away. The free-standing PMMA/graphene membrane floating on the surface of the etching solution was washed three times with deionized water. After being rinsed with deionized water, the PMMA/graphene was subsequently washed with isopropanol and dried in air for 12 hours before being placed onto the target substrate. Subsequently, the graphene became directly attached to the SiO~2~/Si substrate through heating the substrate to 150°C. To minimize transfer-related impurities, the films were further heated to 150°C for 1 hour before removing the polymer. The PMMA was removed by dissolving with acetone, yielding graphene Nc-G domains or continuous films on the substrate.

### Transport property measurements

The graphene samples were transferred onto SiO~2~/Si substrates with marks for alignments and then subjected to heat cleaning and atomic force microscopy (AFM) (Veeco Dimension 3100) imaging to determine whether they were flat. Next, each graphene sample was etched into a Hall bar geometry using a PMMA etching mask (PMMA 950 K A2 at 4000 rpm) designed by electron beam lithography (EBL) (Raith 150 2nd) and reactive-ion etching with O~2~ (Trion Technology Minilock III). After the samples were patterned, additional AFM imaging was performed to ensure that the channel regions were free of wrinkles and residues. Last, after using EBL to design a PMMA mask (PMMA 950 K A4 at 4000 rpm), 5-nm Ti and 90-nm Au were deposited on the samples using an electron-beam evaporator (Kurte J. Lesker AXXIS) and then a standard metal lift-off technique.

Electrical characterization at room temperature was performed in a vacuum probe station (Lakeshore TTP-4) using a Keithley Semiconductor Characterization System (Model 4200-SCS). Electrical-transport and magnetotransport measurements at low temperatures were performed using a lock-in amplifier (Stanford Research 830) at 17 Hz with a source current of 10 to 100 nA.

### STM/STS measurements

An Omicron VT-STM/STS system was used for STM characterization and STS measurements. All the STM data were obtained under constant current mode with the sample holder at room temperature. The STS local differential conductance (*dI*/*dV*) spectra were measured at 77 K by recording the output of a lock-in system with a manually disabled feedback loop. A modulation signal of 5 mV and 932 Hz was selected under a tunneling condition of 1 V and 20 pA.

### Characterization

The morphology and structure of the as-grown Nc-G film or continuous film on Cu foil or a dielectric substrate were characterized by optical microscopy (BX51, Olympus), scanning electron microscopy (SEM) (S-4800, Hitachi; acceleration voltage, 5 to 30 kV), and Raman spectroscopy (LabRAM HR-800, HORIBA; 514-nm laser, 100× objective). Optical transmittance spectra were collected on a PerkinElmer LAMBDA 950 UV-vis spectrophotometer. The graphene domains on the amorphous carbon--covered TEM grid were characterized by TEM (FEI Tecnai T20; acceleration voltage, 200 kV). Aberration-corrected TEM studies were performed using an FEI 80-300 environmental Titan operated in monochromatic mode at 80 kV. The elemental analysis of the as-synthesized Nc-G films was performed using XPS (Kratos Analytical AXIS Ultra with monochromatic Al-Kα irradiation). The large-scale sheet resistances of the films were characterized using a four-probe resistance measuring meter (RTS-4, Guangzhou 4-Probe Tech Co. Ltd.) based on a four-point probe method to eliminate the contact resistance. Four metal probes were aligned in a line with intervals of 1 mm.

### DFT calculations

All the calculations were performed within the framework of DFT as implemented in the Vienna ab initio simulation package (VASP). Electronic exchange and correlation were included by the generalized gradient approximation (GGA) in the Perdew-Burke-Ernzerhof functional. The interactions between the valence electrons and ion cores were described by the projected augmented wave method, and the energy cutoff for the plane wave functions was 400 eV. All structures were optimized until the maximum force component on each atom was less than 0.02 eV Å^−1^. The vacuum layer inside the super cell was larger than 10 Å to avoid the interaction of the adjacent unit cell. The Cu(100) substrate was represented by an ABC-stacked four-layer slab model, with the bottom layer fixed to mimic the bulk Cu atoms. The slab model was composed of 5 × 5, 6 × 6, and 7 × 7 repeating unit cells based on the size of the carbon-nitrogen (C-N) cluster, and a 1 × 1 × 1 *k*-point mesh was used for the calculations. STM images were calculated within the Tersoff-Hamman approximation.

The formation energy, *E*~f~, of a C-N cluster on the surface was calculated by$$E_{f} = E(\text{Cu} - C_{n}N_{m})–n \times E(C~\text{in}~G) - (m/2) \times E(N_{2})–E(\text{Cu})$$where *E*(Cu − C*~n~*N*~m~*) is the total energy of the C*~n~*N*~m~* cluster adsorbed on the Cu(100) substrate and *n* and *m* are the numbers of C and N atoms in the C-N cluster, respectively. *E*(C in G) is the energy of a C atom in graphene, *E*(N~2~) is the energy of a nitrogen molecule, and *E*(Cu) is the energy of the Cu(100) substrate.

The formation energy, *E*~f~, of a carbon cluster on the surface was calculated by$$E_{f} = E(\text{Cu} - C_{n})–n \times E(C~\text{in}~G)–E(\text{Cu})$$where *E*(Cu − C*~n~*) is the total energy of the C*~n~* cluster adsorbed on the Cu(100) substrate and *n* is the number of C atoms in the carbon cluster; *E*(C in G) is the energy of a C atom in graphene, and *E*(Cu) is the energy of the Cu(100) substrate.

Transmission coefficients were calculated using a two-probe setup by DFT within the Keldysh nonequilibrium Green's function formalism as implemented in Nanodcal. The transmission coefficients are defined as the average of transmission over all transverse *k*-points. A linear combination of atomic orbital basis at the double-ζ polarization level was used. The energy cutoff for the real-space grid is taken at 80 Hartree, which is a quite safe energy for graphene. GGA was used for the exchange-correlation potential. Transport is along the *x* direction, and the devices are periodic along the *y* direction. *k*-points (1 × 5 × 1 and 1 × 100 × 1) were used to sample the Brillouin zone in the self-consistent loop and the transmission calculations, respectively. Convergence was achieved when the total energy, every element of the Hamiltonian, and density matrices change less than 5 × *e*^−5^ arbitrary units during adjacent self-consistent runs.

The carrier densities calculated in Nanodcal can be written as$$\begin{array}{l}
{n = \int_{E_{f}}^{\infty}g_{c}(E)f(E - \mu)d(E)} \\
{p = \int_{- \infty}^{E_{f}}g_{v}(E)\lbrack 1 - f(E - \mu)\rbrack d(E)} \\
\end{array}$$where *g*(*E*) is the density of states, *f*(*E*) is the Fermi-Dirac probability function, and μ is the chemical potential energy. In this work, the carrier densities were calculated using a chemical potential energy of 0.1 eV.

All the doped structures used for the transmission coefficient and carrier density calculations are relaxed using VASP. The left and right leads are ideal graphene with buffer layers added in the central scattering region.
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